Introduction
The reduction of chromosome number during meiosis is achieved by a single round of DNA replication followed by two rounds of chromosome segregation, called meiosis I and meiosis II. While the second meiotic division is similar to mitosis in that sister centromeres segregate to opposite poles, the first meiotic division is fundamentally different and ensures segregation of homologous centromeres. Paliulis and Nicklas demonstrated that chromosome segregation during meiosis is determined by special properties of the meiotic chromosomes rather than by spindle components or other cytosolic factors. 1 There are three major features of meiotic chromosomes and their associated proteins responsible for their unique meiosis I segregation. [2] [3] [4] The first is recombination in which homologous chromosomes cross over to form chiasmata and to designate bivalents for disjunction. The second meiosisspecific feature is mono-orientation of sister kinetochores. The third meiosis-specific feature is the protection of centromeric cohesion. Disturbing any of these processes may lead to missegregation of chromosomes and aneuploidy, which is the major cause of miscarriages and mental retardation in humans.
The fission yeast Schizosaccharomyces pombe is an excellent model organism for the study of chromosome segregation, as it is amenable to both genetic and cell biology techniques. Moreover, fission yeast chromosomes have large complex centromere structure, similar to those of higher eukaryotes. 5 We have been studying
High-throughput knockout screen in Schizosaccharomyces pombe identifies a novel gene required for efficient homolog disjunction during meiosis I Cornelia Rumpf, 1 Lubos Cipak, 1 Maria Novatchkova, 2 Zhang Li, 1 Silvia polakova, 1 Andrej Dudas, 1 Ines Kovacikova, 3 eva Miadokova, 3 Gustav Ammerer 1 and Juraj Gregan 1, the consequences on meiotic chromosome segregation of deleting S. pombe genes whose mRNAs were upregulated during meiosis, arguing that meiotic regulators governing the aforementioned processes would be preferentially expressed during meiosis. We previously deleted 180 genes and identified new regulators of meiotic chromosome segregation, including the protector of centromeric cohesion Sgo1 and a new protein required for the initiation of meiotic recombination Mde2. 6, 7 Martin-Castellanos et al. used a similar approach to delete 160 genes and identified seven novel genes required for critical meiotic events. 8 Here we report deletion and phenotypical characterization of additional 87 meiotically upregulated genes.
Results
A screen for genes required for meiotic chromosome segregation. We have designed a high-throughput strategy to knock-out genes in the fission yeast S. pombe on a large scale. 6, 9 In addition to its high knockout efficiency, our strategy has the advantage that a library of knockout plasmids is created. The plasmids are freely available and can be used to knockout genes in strains with various genetic backgrounds. Here we applied this technique to delete selected meiotically upregulated genes. 10 We were able to delete 87 genes out of 92 selected ( Table S1 ). The genes which resisted deletion may be essential genes or genes refractory to homologous recombination. 11 Two of these genes have been
Meiosis is the process which produces haploid gametes from diploid precursor cells. this reduction of chromosome number is achieved by two successive divisions. Whereas homologs segregate during meiosis I, sister chromatids segregate during meiosis II. to identify novel proteins required for proper segregation of chromosomes during meiosis, we applied a high-throughput knockout technique to delete 87 S. pombe genes whose expression is upregulated during meiosis and analyzed the mutant phenotypes. Using this approach, we identified a new protein, Dil1, which is required to prevent meiosis I homolog non-disjunction. We show that Dil1 acts in the dynein pathway to promote oscillatory nuclear movement during meiosis.
(Figs. 2 and S1 and http://mendel.imp.ac.at/SEQUENCES/ DLIC/). Members of the DLIC family are associated with cytoplasmic dynein which plays a central role in chromosome segregation during both mitosis and meiosis. [19] [20] [21] [22] [23] Structural and sequence similarity analyses suggest that DLIC proteins are closely related to the structural family of G proteins, and might adopt a P-loop containing nucleoside triphosphate hydrolaseslike fold (see the Materials and Methods and http://mendel. imp.ac.at/SEQUENCES/DLIC/). Given the similarity between the SPAC458.04c and DLIC proteins, we decided to call SPAC458.04c gene dil1 (dynein intermediate light chain-like 1). Sequence alignments suggested that the N-terminus of the Dil1 may be longer than predicted (see Materials and Methods and Fig. S1 ). Consistent with this notion, our mass-spectrometry analysis of TAP-tagged Dil1 purified from cycling cells identified N-terminally acetylated peptide (MDELLEK) mapping to this region.
In synchronous pat1-induced meiosis, dil1∆ mutant cells underwent both meiotic divisions with kinetics similar to wild type (Fig. S2) . Analysis of lys1-GFP dots in mature asci of strains carrying homozygous lys1-GFP indicated meiosis I homolog nondisjunction in dil1∆ mutant cells (Fig. 3A) . To investigate chromosome segregation directly in anaphase I cells, we fixed cells and stained with antibodies against tubulin and GFP. During anaphase I, homologous centromeres in wild-type cells segregate to opposite poles. However, we frequently observed lagging chromosomes and homolog non-disjunction in dil1∆ anaphase I cells (Fig. 3B) . Missegregation of homologs during meiosis I could be caused either by a defective recombination leading to a failure to produce chiasmata or by defective sister-chromatid cohesion along chromosome arms. To analyze sister chromatid cohesion, we used a strain in which both copies of chromosome II contained cut3 sequences marked with GFP (cut3-GFP). 24 The strain expressed a mutant version of cohesin's α-kleisin subunit (rec8-RDRD) that is resistant to separase cleavage and blocks meiotic divisions. 25 The strain also contained a mes1-B44 mutation which prevents reaccumulation of the Cdc13 cyclin and any attempt to undergo meiosis II. 26 This strain produces uninucleate meiotic cells with sister chromatids cohesed as indicated by one or two cut3-GFP dots. Defects in sister-chromatid cohesion along chromosome arms are expected to result in cells with more than two cut3-GFP dots. Indeed, almost 60% of cells contained more than two cut3-GFP dots in a strain deleted for rec11, which is known to negatively affect sister-chromatid cohesion along chromosome arms. 27 This indicates that the system is efficient in detecting defective cohesion. Consistent with previous reports, sister chromatid cohesion was intact in rec12∆ mutant cells that do not initiate meiotic recombination. 6, 27 Deletion of dil1 did not increase the appearance of cells with more than two cut3-GFP dots, suggesting that sister chromatid cohesion along chromosome arms is intact in these mutants (Fig. S3) . Moreover, deletion of dil1 permitted a small fraction of mes1-B44 mutant cells to undergo nuclear division, which is consistent with the observed homolog non-disjunction phenotype (data not shown). We next compared meiotic recombination in wild-type and dil1∆ mutant cells. Both intergenic and intragenic recombination was shown to be essential for cell growth during the course of this work. 8, 12 In order to analyze chromosome segregation, we knockedout the genes in a haploid homothallic h 90 strain where chromosome I was marked with GFP (lys1-GFP). 13 In this strain, GFP tagged LacI molecules bind to lacO repeats inserted within the lys1 locus located near the centromere. This strain generates cells of both mating types and undergoes mating and meiosis on sporulation medium. We sporulated mutant cells, stained nuclei with Hoechst dye and scored segregation of lys1-GFP dots in asci. 70 mutants had no apparent phenotype and faithfully segregated their chromosomes. Ten mutants formed azygotic asci, which may indicate that the deletion caused defects in mitotic growth, as we have previously observed (Fig. 1) . 6 Consistent with this hypothesis, hcn1 + and nnf1 + genes have been shown to be required for normal mitotic growth. 14, 15 One mutant (SPAC458.04c) missegregated chromosomes during meiosis and six other mutants displayed various meiotic defects such as fragmented nuclei and abnormal number of spores (Fig. 1) . Abnormal spore morphology in spo5/mug12 and mug66 mutants have been previously described. 8, 16 Dil1 is required for proper segregation of homologs during meiosis I. We further analyzed the SPAC458.04c∆ mutant that missegregated chromosomes during meiosis. The open reading frame of SPAC458.04c is predicted to encode a 38 kDa protein with no obvious orthologs in other organisms. 17 In the current S. pombe genome database 17 SPAC458.04c is listed as an orphan sequence with no known sequence domains and a distinctive upregulation during the meiotic cell cycle and in stressed cells. 10, 18 We performed a more detailed computational analysis of SPAC458.04c which revealed a similarity to dynein light intermediate chain proteins (DLIC) Figure 1 . Summary of the screen. Chromosome segregation in deletion mutants generated by a large-scale knockout approach was analyzed by scoring lys1-GFp in meiotic cells. the genes were sorted into four categories according to their phenotype. See Table S1 for the full list of analyzed genes.
moderately reduced in dil1∆ mutant cells ( Table 1 ). These data suggest that homolog non-disjunction observed in dil1∆ mutant cells is due to a defect in recombination but not sister-chromatid cohesion.
Dil1 acts in the dynein pathway to promote oscillatory nuclear movement and efficient pairing of homologous centromeres during meiotic prophase. Dynein-driven meiotic oscillatory nuclear movement is known to play a central role in recombination and pairing of homologs. 20, [28] [29] [30] [31] The nuclear movement during meiotic prophase in fission yeast results in a typical horsetail shape of nuclei. We observed a reduced number of horsetail nuclei as well as defect in pairing of homologous centromeres in dil1∆ mutant cells (Table 2) suggesting that Dil1 may be required for the horsetail nuclear movement during meiotic prophase. Live cell imaging showed that indeed, horsetail movement was impaired in 22 out of 24 dil1∆ mutant cells (Fig. 4) .
Cytoplasmic dynein is a microtubule motor that drives meiotic nuclear movement. [28] [29] [30] 32 The heavy chains of cytoplasmic dynein contain both ATPase and microtubule binding activities. We further asked whether Dil1 acts in dynein pathway by analyzing genetic interaction of the dil1 with the dhc1, encoding dynein heavy chain. 19, 28 Homolog non-disjunction phenotype and nuclear morphology of the double mutant dil1∆ dhc1∆ resembled that of single mutants suggesting that the Dil1 acts in the same pathway as Dhc1 (Fig. 5) .
Similarly as the dynein complex, Dil1 protein localizes to the cytoplasm in cycling cells. 33 We observed that Dil1-TAP localized to the leading edge of the horsetail nucleus, where the spindle Figure 2 . Dil1/SpAC458.04c shares similarity with dynein light intermediate chain proteins (DLIC). Schematic representation of bidirectional best pSI-BLASt similarities which were used to establish the homology of SpAC458.04c to fungal DLIC family members. the query database used is the NCBI non-redundant protein sequence database (Dec 2007) supplemented by the Schizosaccharomyces octosporus SpAC458.04c sequence. 48 Directed arrows mark significant pSI-BLASt links, with e-value and iteration round of the hit indicated alongside. protein sequences are listed using a 2 letter species code followed by the NCBI accession number. protein domain architecture corresponding to the concise result view of NCBI-CD-search is indicated for each protein. pole body (SPB) is expected, and to the leading microtubules (Fig. S4) . In cycling cells, Dil1-TAP formed foci which distributed asymmetrically during cell division (Fig. S4) . A similar phenomenon has been described for the budding yeast dynein. 34, 35 Thus, Dil1 and dynein display similar localization pattern, raising the possibility that Dil1 may directly interact with dynein. To analyze if Dil1 is physically associated with the dynein complex, we purifed Dil1-TAP from cycling cells. Mass-spectrometry revealed that Dil1-TAP co-purified with several proteins whose function in nuclear movement has not been analyzed, but not with dynein ( Table 3 ). This suggests that Dil1 either does not bind to dynein or binds only loosely. Further analysis of proteins co-purifying with Dil1 will be important to fully understand the function of Dil1. Identification of proteins interacting with Dil1 during meiosis may shed light on the role of Dil1 in the horsetail nuclear movement. However, our attempts to purify Dil1-TAP from meiotic culture failed.
Taken together, we show that Dil1 acts in the dynein pathway to promote oscillatory nuclear movement which is essential for efficient pairing of homologous centromeres and recombination during meiosis.
Discussion
The strategy of knocking-out genes upregulated during meiosis proved to be efficient in identifying key regulators of meiotic chromosome segregation. In fission yeast, such strategy led to the identification of the long sought-after protector of centromeric cohesion Sgo1 and a new protein required for the initiation of chromosomes during meiosis. We establish that Dil1 acts in the dynein pathway to promote oscillatory nuclear movement, which is known to be required for pairing of homologous centromeres and recombination during meiosis. Recombination leads to formation of chiasmata which physically link homologous chromosomes. This linkage is essential for faithful segregation of chromosomes during meiosis I. 2 In many model organisms studied so far, disturbances in the recombination pathway are frequently associated with abnormalities in chromosome segregation at meiosis I. 39 Defective recombination is therefore likely to be the cause of homolog nondisjunction observed in dil1∆ mutant cells. Our analysis revealed that Dil1 shares sequence similarity with dynein light intermediate chain proteins (DLIC), indicating that Dil1 may be a fission yeast counterpart of the DLIC proteins. Dynein-dependent nuclear movements play important roles in both yeasts and higher eukaryotes (reviewed in refs. 32 and 40-43) , suggesting that the basic mechanism regulating dynein-dependent nuclear movements may be conserved in evolution. Finally, greater knowledge meiotic recombination Mde2. 6, 7 Martin-Castellanos et al. identified three mutants (rec24, rec25 and rec27) with reduced meiosisspecific DNA double-strand breakage, one mutant (tht2) deficient in karyogamy, and two mutants (bqt1 and bqt2) deficient in telomere clustering. 8 A similar approach in budding yeast identified Mam1 component of the monopolin complex, Mnd1 recombination protein and Mnd2 subunit of the anaphase-promoting complex (APC/C). [36] [37] [38] In our current study we report the identification of a novel gene, dil1 + , required for faithful segregation of 
a Standard error of the mean was calculated from three independent experiments. significant hits to the DLIC family are also obtained when using S. pombe SPAC458.04c itself in a PSI-BLAST search against the NCBI non-redundant protein sequence database (Dec 2007) supplemented by the S. octosporus SPAC458.04c. The first fungal DLIC homologs are retrieved in round 2 of the PSI-BLAST search, and are followed by various metazoan homologs in round 3. The PSI-BLAST remains in the DLIC family until its convergence in round 11 and collects homologs from a broad range of taxa including apicomplexans, kinetoplastids, ciliates, green algae, cellular slime molds, trichomonads. Conservation within the family is particularly high in the central part of the proteins. An alignment of representative sequences of the fungal/ metazoan DLIC group is shown in Figure S1 .
The de novo gene prediction of S. OY26 SPAC458.04c extends further N-terminally than the publicly available S. pombe SPAC458.04c (NP_594698.1). The extended N-terminal segment of S. OY26 seems to be confirmed by similarity to other DLIC family members and can be used to extend the publicly available S. pombe SPAC458.04c protein sequence. While all sequence analyses were performed with the publicly availof the processes that promote proper segregation of chromosomes during meiosis might help us to understand the origins of human meiotic aneuploidy, the leading cause of miscariages and genetic disorders such as Down syndrome.
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Materials and Methods
Strains, media and growth conditions. The genotypes of S. pombe strains used in this study are listed in the Table S2 . Genes were deleted according to knockout protocol described in. 9 S. pombe media and growth conditions were as described in reference 7. Spore viability and recombination analysis was performed as described in reference 44.
Microscopy. The immunofluorescence and microscopy techniques used to analyze chromosome segregation were as described in reference 7.
Live cell imaging. For time-lapse observations of living cells a Zeiss Axio Imager equipped with a digital spot camera (Visitron System) was used. Cells were sporulated on PMG-N plates for 20 hours, resuspended in 1 µg/ml Hoechst 33342 and incubated for 15 min. 3 µl of stained cells were mixed with 6 µl of PMG-N medium containing 1% low melt agarose and mounted on a coverslip. The coverslip was placed on a microscope slide and sealed with hot Vaseline. Each time series of images was obtained with a 0.1-s exposure at 2 min intervals under low fluorescence excitation conditions to limit bleaching (BFP filter).
Protein purification. Eight liter cultures of strains expressing TAP-tagged proteins were grown to log phase and the tagged proteins were isolated as described previously. 45, 46 LC-MS/MS analysis was performed as described previously.
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Sequence analysis and protein database searches. In the current S. pombe genome database 17 SPAC458.04c is listed as an orphan sequence with no known sequence domains and a distinctive upregulation during the meiotic cell cycle. While in the upto-date NCBI non-redundant protein database 48 SPAC458.04c indeed lacks clear homologs (with E < 0.001), orthologs can be readily identified in the genomic sequence of Schizosaccharomyces octosporus and Schizosaccharomyces sp. OY26 (www.broad.mit. edu). Using these orthologous sequences and a number of sensitive computational tools we can demonstrate the sequence similarity of SPAC458.04c to the family of dynein light intermediate chain (DLIC) proteins.
When applying the S. pombe SPAC458.04c protein sequence as a query to available profile-based similarity methods the following links to the dynein light intermediate chain (DLIC) family are obtained: (1) FFAS03, 49 reports DLIC/PF05783.2 as the top and only profile with significant similarity to SPAC458.04c with a score of -10.7 (scores below -9.5 are considered significant by FFAS03) (2) HHpred 50 and CD-search list the similarity to DLIC/PF05783.2 as the top, and by far best hit with E-value of 0.043 and 0.1, respectively. These initial indications of a SPAC458.04c-DLIC similarity are strongly reinforced, when the S. octosporus full-length homolog of SPAC458.04c is applied to FFAS03 and HHpred queries. In these searches DLIC/ PF05783.2 is the top and only significant hit obtained with a FFAS03 score of -50 and E-value of 5.6e-44, respectively. Highly Figure 4 . Dil1 is required for meiotic oscillatory nuclear movement. the dynamics of meiotic horsetail nuclei in the wild-type (K11248) and the dil1∆ cells (JG14997) (two examples are shown) was followed by timelapse observation. the numbers indicate time in minutes. We observed impairment of the oscillatory nuclear movement n dil1∆ mutant cells, although some nuclei assumed the horsetail shape. able SPAC458.04c variant, the extended variant is shown in Figure S1 .
It has been previously noted that DLIC proteins show similarity to P-loop containing nucleoside triphosphate hydrolases. 51 In addition the protein family DLIC/PF05783.4 has been assigned to the Pfam AAA Clan (CL0023) of P-loop containing nucleoside triphosphate hydrolases. For a more precise protein classification HHpred searches are performed with individual DLIC members against the hierarchically structured SCOP and NCBI-CD databases. PSI-BLAST iterations within HHpred are restricted to a minimal number ensuring that a DLIC-specific model is used by the method. HHpred searches against the SCOP database indicate that DLIC proteins belong to the structural family of G proteins (c.37.1.8). Notable among the top hits is the domain model of Spg1/Tem1 GTPases (cd04128)-a protein family that is also encountered in BLAST and PSI-BLAST searches using LIC3 family members. For further details and search results see http://mendel.imp.ac.at/SEQUENCES/DLIC/. 
